First-principles calculations based on density functional theory and the pseudopotential method have been used to investigate the influence of gradient corrections to the standard LDA technique on the equilibrium structure and energetics of rutile TiO 2 and SnO 2 perfect crystals and their (110) surfaces.
I. INTRODUCTION
Most first-principles calculations on condensed matter are nowadays based on density functional theory (DFT) [1] [2] [3] [4] [5] . This theory is formally exact, but in practice an approximation has to be made to the exchange-correlation energy, and the vast majority of calculations employ the local density approximation (LDA). The basic assumption is that the exchangecorrelation energy per electron at any point in the system is related to the electron density at that point in the same way as in a uniform electron gas, and density gradients are ignored.
Some theoretical justification can be given for this [6] [7] [8] , and in practice the LDA works well in a wide range of situations. However, its accuracy is not always satisfactory, particularly when energy differences associated with changes of bonding are needed, as in e.g. molecular dissociation or the adsorption of molecules at surfaces. Attempts to improve the situation by adding lowest-order corrections in powers of the density gradient are not successful, but important progress has been made recently by requiring that the dependence of the energy on the gradients satisfies certain physical requirements. This has led to various forms of generalized gradient corrections (GGC) 9-13 .
In the last few years, there has been a large amount of work on the influence of different GGC schemes on the total energies of atoms and molecules [9] [10] [11] [14] [15] [16] [17] , the equilibrium structure and cohesive energies of covalent crystals [18] [19] [20] [21] [22] , the ground state of iron 23, 24 , and the energetics of molecular adsorption on metal surfaces [25] [26] [27] . However, so far as we are aware, there has been little work on the effect of GGC on the properties of partially ionic materials such as the oxides 
II. TECHNIQUES
The calculations are performed using the pseudopotential method 4, 5 , so that only the valence electrons are represented explicitly, the valence-core interaction being represented by non-local norm-conserving pseudopotentials, which are generated by first-principles calcula- This technique has been used in the present work.
The first-principles pseudopotentials in Kleinman-Bylander representation 32 were generated using the optimization scheme of Lin et al. 33 in order to reduce the required value of the plane-wave cutoff E cut . The pseudopotentials used in the GGC calculations were constructed consistently by including gradient corrections in the generation scheme. The Sn pseudopotential was generated using the 5s 2 5p 2 configuration for s-and p-wave components, and the 5s 1 5p 0.5 5d 0.5 configuration for the d-wave. The core radii were equal to 2.1, 2.1 and 2.5 a.u. for the s, p and d components respectively. The Ti pseudopotential was generated using the 4s The 6-atom rutile unit cell of SnO 2 and TiO 2 is characterized by the two lattice parameters a and c and the internal parameter u: the positions of the four oxygens are (±u, ±u, 0),
). The equilibrium structure has then been determined by relaxation with respect to the lattice parameters a and c and the internal parameter u. The equilibrium values of these parameters both with and without gradient corrections are given in Table I .
As usually happens, there is a tendency for the LDA to underestimate the lattice parameter. This is especially noticeable for SnO 2 , where there may also be an effect due to our treatment of the 4d shell as part of the core. The inclusion of gradient corrections tends to increase the lattice parameters, as has already been found for semiconducting and metallic systems 18, 21, 22 . The increase is 4 % or more for the Perdew-Wang GGC, and leads to results for a and c that are appreciably greater than experimental values. For the Becke-Perdew GGC, the increase is roughly 3 %. Both the c/a ratio and the u parameter are almost unaffected, and this suggests that the gradient corrections have the effect of an isotropic negative pressure, as pointed out by Seifert et al. 22 .
We have calculated the electronic DOS for the SnO 2 perfect crystal using both LDA and the two GGC schemes, but the changes caused by GGC are very small and we do not show the results here. Table II . From these results, it is clear that gradient corrections have only a minor effect on the relaxed equilibrium structure. As we have already noted for the perfect crystal case, modifications of atomic structure with respect to LDA results are more pronounced in the PW scheme.
We have calculated the surface formation energy in the standard way, by subtracting from the slab total energy (18 atoms) three times the energy of a 6-atom perfect crystal unit cell and dividing by the total surface area. We find that the relaxed surface energy of For both GGC schemes, the surface energies are lowered by about 30% with respect to the LDA values, the difference between PW and BP being very small. This decrease of surface energy by GGC is consistent with the general tendency of gradient corrections to remove the systematic overestimation of electronic binding energy in the LDA.
The electronic DOS of the SnO 2 (110) surface using the LDA and the two GGC schemes are compared in Fig. 1 . In order to separate out effects of electronic structure, all the calculations are done at the equilibrium lattice parameters and the relaxed positions produced by the BP scheme. Overall, the differences between the three sets of results are small. However, there are significant differences at the top of the valence band and at the top of the O(2s) 6 band. As we found in our previous work 28 there are peaks at the top of both bands due to surface states, these states being concentrated on the bridging oxygens. The effect of GGC is to reduce the intensity of the peak at the top of O(2s) band. The effect on the intensity of the valence band peak is less systematic, since BP increases it but PW decreases it. The reason why these effects are interesting is that there appears to be no experimental evidence for the surface-state peak at the top of the valence band, so that the LDA predictions seems not to be consistent with experiment. The present results suggest the possibility that this inconsistency may be due to inaccurate treatament of exchange and correlation.
IV. CONCLUSIONS
Our calculations show that gradient corrections increase the lattice parameters of TiO 2
and SnO 2 by ∼ 4 % for the Perdew-Wang scheme and ∼ 3 % for the Becke-Perdew scheme.
These effects are similar to those reported previously for metals and semiconductors. 
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